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S.1

Summary from ito 3 percent turbine efficiency loss is
suffered for each 1 percent increase in the ratio of

The cyclic thermal shock resistance of several blade tip clearance to blade span (ref. 2).
plasma-sprayed-ceramic, turbine-gas-path seal State-of-the-art turbine seal technology is based
systems was evaluated. The thermal shock cycle on the use of metallic seal systems. Three
consisted of heating the ceramic surface to 13000 problems are associated with metallic systems:
to 13500 C for 31/2 minutes while the metallic They are prone to gradual clearance degradation
backing to which the ceramic was bonded was due to erosive and corrosive mechanisms at
maintained at about 5000 to 6000 C. After the 31/2- turbine operating temperatures. They are generally
minute heating portion of the cycle, the ceramic nonabradable, so that rubs result in blade tip wear;
surface was quickly cooled to about 300" C. The and this further aggravates the blade tip clearance
cycle was repeated until the ceramic spalled or problem. Furthermore, they require significant
until 1000 cycles was reached. amounts of cooling air to maintain them at

Two broad categories of systems were allowable temperatures, and engine efficiency
evaluated: those with stepwise-graded- penalties are associated with the expenditure of
composition, plasma-sprayed metal-ceramic layers this cooling air.
between the ceramic (yttria-stabilized ZrO2) layer Ceramic materials are an alternative to the
and the metalic substrate; and those with a porous- currently used metallic systems and hold promise
metal, low-modulus pad between the ceramic layer for significantly higher allowable temperatures and
and the metal substrate. The most promising improved chemical stability. To perform as an
systems were those that had a porous-metal, low- effective high-pressure-turbine seal material,
modulus pad as a strain isolator between the though, the ceramic must afford some degree of
ceramic layer and the dense metal substrate. The abradability and erosion resistance and must be
optimum low-modulus-pad configuration able to survive thermal stresses imposed by the
represents a balance between sufficient strength engine operating cycle.
and oxidation resistance for survival on the one Various ceramic high-pressure-turbine seals are
hand and sufficient resilience for strain isolation on being explored. Systems based on hot-pressed
the other hand. The optimum configuration was not silicon carbide (SiC) and Si-SiC composites (ref. 3),
identified. Cooling pins extending into the low- ceramic honeycombs (ref. 4), sintered zirconium
modulus pad significantly reduced the oxidation dioxide (ZrO2) (ref. 5), and plasma-sprayed ZrO2
rate of the porous metal and extended the seal life. (ref. 6) have been assessed. Presently, the greatest
The thermal shock resistance of the ceramic layer activity is concentrated on systems incorporating
was improved by increasing its porosity and by plasma-sprayed, yttria-stabilized ZrO2; and the
precracking it before thermal shock testing. most significant concern is to develop methods for
Microstructural and probe studies suggested that providing resistance to cracking and spalling
the long-term durability of the high-pressure-turbine caused by thermal stresses and prolonged ex-
seal systems would be adversely affected if the posure to high temperatures.
metal-ceramic interfaces exceeded about 8000 C There are basically two methods of reducing or
because some metallic species would rapidly minimizing the thermal stresses to which the
diffuse. plasma-sprayed ZrO 2 seal system is subjected in

the engine environment. These methods are shown
Introduction schematically in figure 2. One is to grade the

material properties in a stepwise or continuous
The efficiency and performance of a gas turbine manner by grading the material composition from

engine are very sensitive to gas-path seal fully metallic adjacent to the substrate to fully
clearances throughout the engine. In most cases, ceramic adjacent to the gas path. This method is
the single most significant gas-path seal is the high- summarized in reference 6. The other method is to
pressure-turbine outer air seal, shown incorporate a low-density, sintered metal pad or
schematically in figure 1 (ref. 1). Studies have cushion between the ceramic layer and the me-
indicated that, depending on the turbine design, tallic substrate, as described by Erickson (ref. 7).



Applying a thin NiCrAIY bond coat developed by to flow over the metallic backing. The ceramic
Stecura (ref. 8) to the system with the low-modulus surface was thereby cooled from its maximum of
pad gave this system particularly good resistance 13150 C to about 4500 C in several seconds. By the
to thermal shock failure (ref. 9). end of cooldown the entire specimen was at about

This report evaluates the cyclic thermal shock 3000 C. The cycle was then repeated. A represent-
resistance of several experimental variations of ative time-temperature schedule for the entire
these two methods for reducing thermal stresses. thermal cycle is shown in figure 3(b). Temperatures
The ultimate goal was to demonstrate survival of are indicated for the ceramic surface and the
1000 thermal shock cycles. The thermal shock test metallic backing.
cycle employed was designed to simulate the
range of transient and steady-state conditions Materials
imposed during engine operation. One thousahd
cycles was selected as the goai because after Two methods for providing a thermal-shock-
1000 test cycles the total accumulated time at resistant seal system based on plasma-sprayed
temperature (50 hr) is significant from the stand- ZrO2 were evaluated in this study and are shown in
point of diffusion-, creep-, and oxidation-related figure 2. The first method was to incorporate

processes and because 1000 cycles is significant intermediate layers of plasma-sprayed metal-
with respect to engine service, ceramic composites between the dense metallic

Finite-element thermal stress analyses were substrate and the ceramic layer adjacent to the gas
also conducted on selected seal designs to path. The metal-ceramic intermediate layers would
determine the significance of various deliberate mitigate thermal stresses imposed on the ZrO2 by
modifications to material properties. Also, modes gradually varying the thermal expansion and
of thermal shock failure were identified, and effects mechanical properties from those of the metallic
of high temperature on the materials' micro- substrate to those of the ceramic layer, The second
structures were studied. Methods of addressing method was to incorporate a low-modulus strain
the identified failure modes are suggested. isolator pad of porous metal between the dense

metallic substrate and the ceramic layer. The

Apparatus and Procedure isolator pad allows the ceramic layer and the
metallic backing to undergo thermal expansion and

The cyclic thermal shock apparatus is shown in contraction independently.
figure 3(a). The specimen was heated with an One series of ceramic layers was made of
oxygen-acetylene torch, with the flame impinging nonprealloyed ZrO2-Y203 powders (i.e., a
directly onto the ceramic surfaces at a 900 angle. mechanical mixture of ZrO2 and Y2 0 3 powders).
While the ceramic surface was being heated, The remaining ceramic layers were prepared from
cooling airflow was directed onto the metallic prestabilized ZrO2 -12-wt% Y20 3 powder, -200
backing. The flame was positioned and tuned so + 325 mesh size (and are henceforth referred to
that, during heatup, the ceramic surface reached a as "YSZ"). Standard spray conditions (for the
stable temperature of about 13150 C within Plasmadyne SG-1 gun) included a 550-ampere arc
1 minute for all seal configurations. Heatup lasted current, a 10-centimeter standoff distance, and
31/2 minutes. Cooling airflow to the metallic argon as the powder carrier and arc gas. The arc
backing was controlled to 2.4xl 0-3 m3/sec gas flow rate was 4.6x1 04 m3/sec (60 ft 31hr), and
(5 ft 3imin) for all specimens, with associated the powder gas flow rate was 9.3x10- 5 m3 lsec
backing temperatures of 4800 to 5400 C, depen- (12 ft3/hr). The powder feed setting was 3.0. In
ding on specimen configuration. Ceramic surface addition, a series of specimens was prc,3ared
temperatures were monitored by an infrared under modified spray conditions intended to in-
pyrometer and were cross-checked by Chromel- crease the porosity of the YSZ layer. The standoff
Alumel thermocouples embedded in a few special distance was 15 to 20 centimeters and the gun
calibration specimens. Temperatures at other current was 500 amperes; other spray conditions
locations in the seal and on the metallic backing were the same as those for the standard YSZ. The
were measured by Chromel-Alumel thermocouples ceramic layer thus produced was designated "YSZ
in all specimens. (porous)."

After the specimen was held in the flame for 31/2 In the first method for controlling thermal
minutes, the pneumatic actuator moved it into the stresses, two plasma-sprayed, metal-ceramic
cooldown position. During cooldown, which lasted composite intermediate layers were used (fig. 2).
for 1 minute, a cooling airflow of 1.2010 -3 m31sec Directly beneath the ZrO2 layer was a 750-I
(2.5 ft3/min) was directed onto the ceramic surface; micrometer-thick layer of 80-wt%ZrO2-20-wt%

2.41 x10 3m3 /sec (5 ft31min) of cooling air continued NiCrAIY. In turn, beneath that layer was a
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20-wt%ZrO 2-80-wt% NiCrAIY layer, again 750 thermal stresses that resulted from rapidly heating
micrometers thick. Between that layer and the the ceramic surface to the 13150 C steady-state
304-stainless-steel substrate was a NiCrAIY bond temperature on a cold metallic substrate were
coat, about 50 to 75 micrometers thick. Spray significantly higher than those encountered when
parameters used for the 80-wt% YSZ-20-wt% the 304-stainless-steel substrate was hot.
NiCrAIY layer were the same as those used for Therefore, the experimental thermal shock
the standard YSZ layer. The parameters used for procedure was adjusted. In the first five or six
the 20-wt% YSZ-80-wt% NiCrAIY layer were cycles, rather slow heating rates were used so that
the same as those used for the NiCrAIY bond the substrate would gradually approach the end-of-
coat: namely, a 350-ampere arc current, a cycle temperatures indicated in figure 2. After
4.2xl0"4-m3/sec arc gas flow rate (argon), a these initial "warmup" cycles, the thermal cycles
9.3xl 0-5-m31sec powder gas flow rate (argon), and were in accordance with that shown in figure 2.
a powder feed setting of 23. The forward plasma When this modified test procedure was used, the
feed port was used. Composition (in wt%) of the average cyclic life of the baseline specimens was
NiCrAIY used was Ni- 6Cr-6AI-0.6Y. The known or 36 cycles (indicated by the asterisk in fig. 4). The
estimated room-temperature properties of failure sequence consisted of the gradual, easily
all plasma-sprayed layers are summarized in observed propagation of "mudflat" cracks through
table I(a). the ceramic layer, with final spalling of about one

In the second method for controlling thermal half of the ceramic layer. An example of such a
stresses, a porous-metal, low-modulus pad was spalled specimen is shown in figure 5. The laminar
provided between the ceramic layer and the 304- crack leading to final spalling always began at the
stainless-steel substrate. Various compositions, interface between the ceramic layer and the first
densities, and particulate structures were used to intermediate layer, apparently at a specimen
obtain a range of properties so that the potential of corner.
this method could be explored. The compositions The low-density modification to the ceramic
and the known or estimated properties of these layer, YSZ (porous), was subjected to the original
pads are summarized in table I(b). In all cases, a unmodified test sequence. Failures did not occur in
50-micrometer-thick NiCrAIY bond coat was ap- the first thermal shock cycle, as was the case for
plied to the low-modulus pad before the ceramic the baseline specimens; and the average cyclic life
layer was added. The plasma-sprayed layers were was 42 cycles. This improved performance of the
applied after the low-modulus pad material was specimens incorporating the low-density ceramic
brazed to the 304-stainless-steel substrate. In all layer is believed to have two causes: First, the
systems except LM-1, a gold-palladium-nickel elastic modulus of the low-density ceramic layer
(PAL-1) foil braze was used. was approximately 25 percent lower than that of

the standard ceramic layer, as indicated in table I.
A comparative three-dimensional stress analysis,Results and Discussion summarized in figure 6, shows that stresses in the

Fully Plasma-Sprayed Systems ceramic layer are significantly reduced if the
modulus of elasticity is reduced. Second, the

Thermal shock results. - The cyclic thermal degree and type of porosity present in a brittle
shock performance of five variations on the material are known to strongly influence resistance
plasma-sprayed seal system with two sprayed to crack propagation, usually so that crack growth
ceramic-metal (cermet) intermediate layers is is retarded (refs. 10 and 11). This is discussed in
summarized in figure 4. The "baseline" fully more detail later.
sprayed specimens were prepared by using the Deliberately introducing a network of "mudflat"
standard spray parameters and materials cracks into the ceramic layer surface significantly
described in the section Materials. All variations on improved cyclic thermal shock resistance, as
the baseline involved modifications to the ceramic shown in figure 4. Precracking was achieved by
layer, with the intermediate-layer composition and uniformly heating the specimens to 4800 C and
structure remaining constant. then quenching the ceramic surface against an

The first series of thermal shock tests applied to ethanol-saturated pad. The crack spacing
the baseline (YSZ) samples resulted in early failure generated by this treatment was about 6 milli-
of all specimens, usually on the first cycle. It was meters, and the cracks penetrated about 30 to 40
decided that the first few cycles were extraordinar- micrometers through the YSZ layer. A spe imen so
ily severe because there was insufficient time for treated survived 44 of the original unmodified
the 304-stainless-steel substrate to approach the thermal shock cycles, as compared with less than
nominal temperature indicated in figure 2. The 1 cycle for the baseline. The precracking is
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believed to have provided stress relief to the ceramic layer. The Griffith energy for crack
ceramic layer. propagation would then be increased either by

As shown in figure 4, there was little difference fracture of the partially stabilized ZrO2 particles,
* between the performance of the baseline leading to increased microcrack density, or by

specimens and those prepared with nonprealloyed transformation toughening of the ceramic material
Y20 3-ZrO2 composite powders. In both cases, in front of a propagating crack tip. The in-
failure occurred on the first standard thermal shock corporation of partially stabilized particles in a
cycle. When the modified thermal shock test ceramic matrix was used to good effect by
sequence was followed, the specimens prepared Claussen (ref. 13) in producing a tough sintered
with the nonprealloyed powders performed slightly A120 3-ZrO2 ceramic composit.
better than the baseline specimens. Microstructural studies. - The effects of ex-

Based on the results reported herein, increasing posing the intermediate-layer materials to high
the ceramic porosity and precracking the ceramic temperatures for extended periods of time were
layer appear to be effective ways of improving the studied by scanning electron microscopy and
thermal shock resistance of the fully sprayed microprobe analyses. The objective was to
systems. There are numerous examples in the determine the temperature limitations of the in-
literature in which it is demonstrated both termediate layers from the standpoint of long-term
analytically and experimentally that the fracture survival of the seal system.
toughness and thermal shock resistance of a brittle Optical photomicrographs (figs. 8(a) and (b)) of
material can be improved if certain microcrack or sections through the cermet layers in the as-
porosity distributions are present (refs. 10 to 12). sprayed condition and after exposure to 9270 C in
The morphology of pores in a plasma-sprayed air for 50 hours show some interesting com-
structure is in fact crack-like, with the crack plane parisons. In the as-sprayed condition, the interiors
lying in the plane of the sprayed layer. Hence, we of the NiCrAIY particles were clean and pore free
believe the role of porosity in cyclic crack propaga- and the interfaces between metal and ceramic
tion through the plasma-sprayed ceramic to be like particles were quite well defined. After the layers
that of a fine microcrack network. As developed by had been exposed to 9270 C for 50 hours, fine
Manning and Lineback (ref. 11) the Griffith energy pores were apparent in the interior of the metallic
GE, a measure of crack propagation resistance, is particles, and the interfaces between the metal and
given by ceramic particles had become broader and had a

"fringed" appearance. Higher magnification SEM

GE = y 1L +2Nc photographs (fig. 8(c)) verify the interior porosity
E \ +and show a distinct separate phase filling the in-

terface between the metal and ceramic particles.
where y is the surface energy of the material, c is The average thickness of this "interfacial phase"
the pore size, or microcrack length, and N is the after 50 hours at 9270 C is about 1 micrometer.
number of cracks per unit of cross-sectional area. The effects of time at temperature on the
The 2Nc term in the GE expression accounts for structure of the cermet layers were further studied
the effect of reduced elastic modulus on the strain by using the elemental mapping capabilities of the
energy available for crack propagation. From the microprobe. As shown in figure 9, nickel and
micrographs shown in figure 7, we concluded that chromium were quite uniformly distributed in the
the increased number of pores N, rather than NiCrAIY particles in the as-sprayed condition.
variations in pore size c, improved thermal shock Aluminum, however, shows evidence of
resistance. segregation to distinct regions at extremities of the

These theoretical and analytical considerations metallic particles. We believe that this segregation
suggest interesting approaches to further in- in the as-sprayed condition was the result of
proving the thermal shock resistance of plasma- nonequilibrium cooling of molten metallic particles
sprayed ceramic seal systems. One approach for upon deposition. The ceramic constituent shows
future consideration might be to increase the some segregation of yttrium in the as-sprayed
number of crack-like pores or microcracks by condition, again probably as a result of
incorporating fugitive additives into the plasma- nonequilibrium cooling. Yttrium concentration in
sprayed ceramic structure and then either burning the NiCrAIY was too low to show significant
or leaching the additives out of the ceramic matrix, evidence for or against uniform distribution.
Yet another way of increasing thermal shock After the cermet layer was exposed to 9270 C for
resistance might be to include controlled amounts 50 hours, elemental distribution was dramatically
of partially stabilized or nonstabilized ZrO2 in the changed, as indicated in figure 10. Aluminum had
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almost completely diffused from the interior of the Low-Modulus-Pad Systems
NiCrAIY particles to the metal-ceramic interfaces,
with significant concentration to a depth of 0.5
micrometer into neighboring ceramic particles. Thermal shock results. - Cyclic thermal shock
Also, the concentration of chromium was visibly test results for the seal systems incorporating
higher in the interfacial regions than in the interior porous, low-modulus, metallic intermediate layers

of the metallic particles. Areas of higher than between the ceramic and the 304-stainless-steel
average yttrium concentration were present in the substrate are summarized in figure 12. Known
ceramic regions, similar to those seen in the as- properties for the low-modulus-intermediate-layer
sprayed microstructure (fig. 8), though such areas systems are reported in table I. The system with the
do not happen to be shown in figure 9. intermediate layer made of 0.125-micrometer-

Samples that were exposed in air to 7600 C for (0.005-in.-)diameter sintered Hoskins-875 wire
200 hours and to 9820 C for 50 hours are shown in served as the baseline and is designated LM-1. The
figure 11. The thickness of the interfacial phase results for the LM-1 system were reported in
after 200 hours at 7600 C was difficult to measure, reference 9 and are briefly summarized herein.
but it was estimated to be about 0.1 micrometer. Although the average thermal shock life of the
After 50 hours at 9820 C the interface was 1.5 to LM-1 specimens with the NiCrAIY bond coat was
2.5 micrometers thick. 364 cycles, the longest life of all the configurations

The interfacial thickness measurements from tested, mudflat cracking was observed rather
several specimens are summarized in table I1. The early, after 20 to 30 cycles. Interestingly, LM-1
results are fairly consistent with a parabolic growth specimens prepared without the bond coat suf-
rate of the interfacial layer and an apparent ac- fered complete loss of the YSZ layer after 20 to 30
tivation energy of 146 kJ/g mole (35 kcallg mole) for cycles. Metallographic sectioning of a specimen
the growth mechanism. The parabolic rate is that survived 455 cycles without spalling revealed
consistent with growth controlled by aluminum and extensive laminar cracking. The laminar cracks
chromium diffusion through the interfacial layer, apparently began at the interface between the
rather than with diffusion through the metallic bond coat and the ceramic layer and propagated
particle interiors. Compared with published oxide into the ceramic, as shown in figure 13. From the
film growth activation energies (ref. 14), however, analytical studies of reference 13, we concluded
the activation energies that seem to apply here are that performance could be improved if materials
quite low. Perhaps the interfacial layer is more with a lower elastic modulus than that of the
highly defective than the oxide films that form on baseline were used as a low-modulus pad.
alloy surfaces oxidized in air. Four alternative low-modulus materials were

From these microstructural studies we con- evaluated as strain isolator pads, and their per-
cluded that the porosity observed to develop in the formance is summarized in figure 12. Two of these
metallic particle interiors was due to extensive were low-density, sintered metal-fiber materials:
diffusion of aluminum and, to a lesser extent, One was a material incorporating sintered
chromium'from the interiors to the interfacial equiaxed particles; and one was a low-density.
regions. Very likely, this is the mechanism plasma-sprayed NiCrAIY material.
responsible for swelling the cermet layers after The specimens incorporating a sintered
exposure to high temperatures, as reported in Hastelloy-X pad with a modulus of about 1724 MPa
reference 15. Since swelling of the cermet inter- (250 000 psi), designated "LM-2, " survived an
mediate layers would impose tensile stresses on average of 30 thermal shock cycles before failure.
the ceramic top layer, it is considered detrimental This in itself would hardly seem to indicate the
to the long-term survival of the spraye d, graded- effectiveness of further reducing the modulus of
layer system. the pads. However, no mudflat cracking of the

Therefore, a primary concern and overall ceramic occurred and, in fact, the sintered metal
limitation of sprayed ceramic seal systems with itself failed. Thus, there may have been some
cermet intermediate layers is that temperatures of enhanced strain isolation effectiveness. Details of
the cermet layers be maintained at less than this failure mechanism are discussed in a later
8000 C. Thermal analysis indicates that these section. In essence though, the Hastelloy-X sin-
layers are exposed to extreme temperatures of tered fiber-metal failed right under the ceramic
9000 to 9500 C during thermal shock cycling. This layer because of excessive temperatures. The
temperature can be reduced by increasing the temperature at this interface was estimated to
ceramic layer thickness or by increasing the have reached 10000 to 10500 C. The appearance
cooling airflow to the metallic backing. of the failure is shown in figure 14.
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A material similar to the low-density, sintered spray parameters were selected for making the
Hastelloy-X fiber-metal - but composed of a microstructures to be evaluated in seal specimens
higher temperature, more oxidation-resistant because they give more uniform porosity
FeCrAIY fiber - was evaluated as a low-modulus distribution than the polyester spray parameters.
pad material. This system, designated "LM-3," had The structure was about 50 percent porous, and
an average cyclic thermal shock life of 96 cycles, evidently the polyester filler had been completely
The failure mode was the same as that for LM-2. burned out by the pretest heat
Excessive temperatures in the sintered fiber-metal treatment.
led to delamination of the entire ceramic layer, with The seal specimens incorporating low-modulus

* some heavily oxidized fiber-metal adhering to the strain isolator pads showed considerably more
delaminated ceramic. Thus, It would appear that, thermal shock resistance than specimens with the
although thermal stresses in the ceramic and at the plasma-sprayed metal-ceramic composite in-
ceramic-bond coat interface were effectively termediate layers. The performance of the strain
reduced in both systems LM-2 and LM-3, this isolator pad material could be further improved if
benefit was obtained at the cost of reduced life for elastic moduli considerably lower than that of the
the intermediate layer itself. LM-1 baseline could be obtained without cor-

Low density, sintered, equiaxed NiCrAI particles promising the durability of the low-modulus pad
comprised the low-modulus pad used in the LM-4 material. Also, the occurrence of failure associated
specimens. The elastic modulus of this material with the YSZ-NiCrAIY bond-coat interface suggests
(2.1 GPa) was between that of the baseline (6.09 that performance might be improved by using
GPa) and the sintered fiber-metal systems different bond-coat materials and procedures.
evaluated (1.72 GPa). Cyclic thermal shock testing Microstructural studies of failure regions in low-
indicated an average life of 91 cycles. Failure modulus-pad specimens provided more detailed
occurred by delamination of the ceramic from the insight into failure mechanisms and causes.
intermediate layer. Laminar c,'acks that led to Microstructural studies. - Cracks were ob-
spalling were in the ceramic layer or at the in- served near the interface of the ceramic layer and
terface between the ceramic layer and the bond the NiCrAIY bond coat applied to the Hoskins-875
coat. Also, mudflat cracking was observed after 20 fiber-metal pad in the baseline low-modulus
to 30 thermal shock cycles. The failure sequence system, LM-1 (fig. 13). Higher magnification
for LM-4 was quite similar to that of the baseline, photographs of the crack region and the NiCrAlY
LM-1. The reasons why LM-4 specimens did not bond coat adjacent to the crack (fig. 16) showed
survive as long as the baseline specimens are not internal porosity in the NiCrAIY particles, as was
immediately clear. One explanation, though seen in the metal-ceramic layers after exposure to
presently unverified, is that the NiCrAI particles of high temperature. Also, energy-dispersive X-ray
the LM-4 system underwent gradual oxidational analysis indicated considerably increased
swelling and thereby imposed higher stresses to aluminum content near the metal-ceramic layer
the ceramic layer than were imposed in the interface and at the interfaces between adjacent
baseline configuration. NiCrAIY particles in the bond coat. Though direct

Finally, cyclic thermal shock tests of the plasma- supporting evidence is not at hand, these ob-
sprayed, porous NiCrAIY low-modulus system, servations do suggest that gradual, progressive
designated "LM-5," demonstrated an average life laminar crack growth may be enhanced by gradual
of 42 cycles. Failure occurred at the metal-ceramic dimensional changes of the plasma-sprayed
interface, and mudflat cracks appeared after about constituents and other ditfusional effects. As was
20 cycles. Performance could probably be im- recommended for the sprayed metal-ceramic
proved if a thicker porous NiCrAIY layer were intermediate layers, it would appear that long-term
employed. Indeed, the low-modulus material used survival of the low-modulus-pad concept requires
in the LM-4 system was far less effective when its careful control of maximum temperatures at the
thickness was reduced to the 1.5-millimeter interface between the ceramic layer and the
thickness of the sprayed, porous NiCrAIY layer. NiCrAIY bond coat.
Applying thicker layers is difficult with the hand- A further life-limiting mechanism was seen in the
held spray equipment used to make these low-modulus systems LM-2 and LM-3. Recall that in
specimens: Crowning of the sprayed layers makes these systems laminar failure occurred in the low-
thickness control, especially near the edges, very modulus layer. Examination of low-modulus
difficult. The microstructures of the sprayed, material near the laminar failure, where tem-
porous layers resulting from both NiCrAIY plasma- peratures reached 8500 C, revealed that extensive
spray parameters and polyester plasma-spray internal porosity had developed in the metalic
parameters are shown in figure 15. The NiCrAIY particles, with some of the sintered bonds
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damaged (figs. 17(a) and (b)). Also, a very thick modulus pad was taking place. Cycle temperatures
oxide film had formed on the particle surfaces. In near the interface between the substrate and the
comparison, Hastelloy-X particles near the braze low-modulus pad were generally higher for the
bond with the 304-stainless-steel substrate, where configurations with pin arrays and wires than for
temperatures never exceeded 6000 C, were nearly the straight LM-3 configuration.
free of internal voids and the sinter bonds were
quite sound (fig. 17(c)).

We concluded from the microstructural studies Conclusions
that consideration must be given to ways of From the cyclic thermal shock experiments
reducing the maximum temperature in the low-
modulus pad and in the bond coat beneath the YSZ conducted in this study, the following conclusions

lae.Besides icesn the YSZ layer thickness were drawn:
layer. increasing the backinye this 1. The low-modulus-substrate approaches
or increasing cooling airflow to the backing, this proved to be more effective methods of reducingtemperature reduction can be affected by in- thermal stresses in the ceramic layer and

creasing the thermal conductivity through the low- p retin in tha ere t ayed ad

modulus pad. One way of increasing thermal preventing spalling than were the sprayed, graded-
conductivity through the pad is to provide cooling composition approaches.
condutiityl tho the pa istoprovide bcoling 2. None of the low-modulus substrate materials
pins integral with the 304-stainless-steel backing evaluated were optimum from the standpoint of
and extending almost all the way through the low- having a low enough modulus to minimize thermal
modulus pad. This method and its effectiveness are stresses yet sufficient strength to resist ultimate
described in the next section. failure themselves.

Effectiveness of cooling pins. - An analytical 3. For both the sprayed, graded-composition
study performed in reference 16 indicated that intermediate layer and the low-modulus in-
temperatures in the low-modulus intermediate termediate layer approaches, microstructural
layer could be significantly reduced without in- studies revealed that if the temperature of the
creasing stresses on the ceramic layer if there ceramic NiCrAIY particle interfaces exceeded
were conduction pins through the intermediate about 8000 C, considerable diffusion and
layer. Specially modified 304-stainless-steel segregation of aluminum and chromium to the
backings with machined pins in various arrays, interfaces occurred. This is believed to shorten the
depicted in figure 18, were fabricated to further life of the structure because considerable porosity
explore this idea. Low-modulus sintered pads of within the NiCrAIY particles results from this dii-
LM-3 composition were mechanically pressed over fusion.
the pin array and brazed in place. Three pin arrays, 4. Increasing the porosity of the YSZ layer and
representing different total pin areas, were precracking the layer both effectively improved
evaluated in this study. Also evaluated was a low- cyclic thermal shock resistance.
modulus pad pierced with 50-micrometer- (2-mil-) 5. Cooling pins extending through the low-
diameter wires, intended to function as flexible pins modulus layers to the 304-stainless-steel substrate
and thus increase the conductivity through the low- improved the durability of the seal system in cyclic
modulus layer. The results of cyclic thermal shock thermal shock testing. This is believed to be due
experiments performed on these systems are partly to reduced temperatures in the low-modulus
summarized in figure 19. material near the YSZ layer interface.

The configuration affording the largest pin area
failed, after four cycles, at the interface between Lewis Research Center,
the ceramic layer and the NiCrAIY bond coat - National Aeronautics and Space Administration,
hardly an improvement over the 91 cycles survived Cleveland, Ohio, July 26,1979,
by the LM-3 system without pins. A possible 505-04.
marginal improvement was observed for the small-
pin array (second configuration in fig. 18), and a
distinct improvement was observed with the
coarse pin array (third configuration in fig. 18). References
Also, the specimen with the 50-micrometer-dasther sir peimen fwithrthed - ic etter 1. Ludwig, Lawrence P.: and Bill, Robert C.: Gas Path Sealing
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TAL -RPRISO MATERIALS

Composition Modulus of elasticity Thermal conductivitya Hardness

GPa psi W/m K IBtulhr ft *F R15y R45Y

YSZ (std.) 12,5 1,8 x 106 0.79 0.46 88 79
YSZ (porous) 9.5 1.4 x10 6  

-- --- 80 70
80-w1% YSZ- 20-wt% NiCrAIY 16.5 2.4 x 106 1 8.6 .92 Off scale
20-w1%/ YSZ -80-wt% NiCrAIY a58 .6  18.5 x 106 82.25 1.3 Off scale

(b) Low-modulus-pad systems

Designa- Material or Density Modulus of elasticity Thermal Hardness,
tion composition, (100 minus % conduc- R15 Y

wt%/ porosity) GPa psi tivity, b
W/m K

LM-1 Hoskins-875 35 6.09 0.89 x 106 0.8 25
LM-2 Hastelloy-X 21 1.72 .25 x 106 .35 -180
LM-3 Fe-20Gr-65AI-0.02 21 1.68 .24 x106  .35 -170
LM-4 Ni-l5Cr-5AI 30 2.1 .3 X106 -- 52
LM-5 INi-l6Cr-6AI-0.6Y -50 110 11.5 X10 6  

____ 49
aThermal conductivity data and one elastic modulus used in analysis are actually for YSZICocrAY system from ref. 17.
bf)8f8 from manufacturers' estimates.

TABLE 11. - INTERFACIAL FILM
THICKNESS STUDY

Thermal exposure Measured Predicted
film film

Time, Temper- thickness, thickness,
t. ature, 'um h,
hr T, AM

K

50 1255 1.5-2.5 2.5
200 1033 0.1 -0.2 .25

20 1173 0.5 -1 .60
2 1200 0.3-0.6 .27
2 1144 0.3-0.5 .13
2 11033 Nof resolvable .025

aPredict ion based on~ h = AWlOIRT 1
2
. where A = 045

mil~hrltl
2

and 0 1 46 kJlg mole l35 kcaUg mole)



L

Segmented ring I

of rub miaterial '

Figure L - Schematic of high-pressure-turbine
outer air seal.

zr02-12YI0 3  ,-8OZrO 2-2ONiCrAlY Zr02-2Y2O3 -NiCrAlY bond coat
2DZrO 2-8ONiCrAlY Low-modulus pad

3D4 Stainless steel "-NiCrAIY bondcoat 34Stainless steel 'Braze bond

tal Plasma-sprayed metal-ceramic intermediate (b) Sintered-metal, low-modulus intermediate
layer concept. pad concept.

Figure 2. - Schematic representation of the two turbine seal concepts evaluated. (Compositions are
in weight aercent. I
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TIt
5 --- , Timer control

and counter

Pneu matic
cylinder-, Air to pneumatic

cylinder

Exhaust air

Solenoid-operated two-way valve
controlled by timer

Cooling air to ceramic
Cooling air surface cooldown
to backing ~phase only)

Cooling air I --- Acetylene
to backing Oxygen

(a) Thermal shock apparatus.

1400- 14t= __ _Heatup f Cooldown

1200- m "c su rface

1000

0 800

E 60

400 304 Stainless-steel backing

200-

0I 2 3 4 5
Time. min

6) Representative time-temperature plot for thermal shock cycle.

Figure 3. - Thermal.shock rig and test Cycle,
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60-

50

340

20

10-

Number of tests: 3---- 'B a sei ne Reduced-density Prrcked Nonprealloyed
ceramic layer ceramic layer ZrO2 - Y203

Figure 4. - Cyclic thermal shock lives of plasma-sprayed ceramic seal specimens with sprayed
metal-ceramic Intermediate layers. (Asterisks denote that first 7 or 8 cycles have been
modified.)I

1cm

C-79-663

Figure 5. - Baseline fully sprayed specimen, showing spalled coptings after
47 ther mal shock cycles.
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Center of Center of
spec' men Spec i mien

Stress. Temperatur ~
MPa 1 C OFI

YS YSZ (standard) 6 Ysz (porous)

8OYSZ-ZONiCrA Y 37.0 45.3 1010 1850___

aLYSZ-B01)iCrAlY 69 47.9 5. 6 T L

.7 3 596 860 1570 54 53.6 6

304 Stainless -1. 6 140 8123 21.
steel

31L:Y 
............... .31 4

(a) Modulus of elasticity, 12 410 MPa. tbl Modulus ot elasticity, 9660 MPa.

Figure 6. - Effect of YSZ modulus of elasticity on thermal stress distribution through specimen 209 seconds into thermal cycle,
(Temperature distribution is also represented. Quarter symmetry element ot tull specimen is shown. Properties of 80YSZ-
2lXNiCrAlY and 20YSZ-BtX'iCrAlY layers are those indicated in table 1.

kW 410 , .
~ )IF

4, A

_____ -X

vt-K 4

..... . .. .. ... ..

elk ~ r* i
~~,' ~a __ 0 p m ~

(a) Standard sprat conditions (standard YSZ). (b) heducea interisitv spriv conditions (porous YSZ)

Figure 7 Microstructure~s ot yttria-stabilized zirconium dioxide prepared uider standard and reduced intensitv plasma spriv conditions
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50

(a) As sprayed; X250. (b) Atr50 husa 20C 20

(c) After 50 hours at 9270 C; X3000.

Figure 8. - Photomicrographs of YSZ-Ni CrAIY layers as sprayed and after exposure at 9270 C for 50 hours.
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'7S,

20L .-

II
(a) Secondary-electron image. (b) Nickel distribution.

(c) Chromium distribution. (d) Aluminum distribution.

y

(e) Zirconium distribution. (f) Yttrium distribution.

Figure 9. - Elemental distribution of 80YSZ.2ONiCrAIY layer in as-sprayed condition.
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N,m

(a) Secondary-electron image. (b) Nickel distribution.

(c) Chromium dist bution. (d) Aluminum distribution.

(e) Zirconium distribution. (f) Yttrium distribution.

Figure 10. - Elemental distribution of 8OYSZ-2ONiCrAIY layer after 50 hours at 927" C.
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(a) After 200 hours at 760 0 C. Mb After 50 hours at 9820 C.

Figure 11. - Effect of thermal exposure on microstructure of 20YSZ-8)NiCrAIY layers, Of particular interest are thicknesses of interfacial
diffusion zones between metallic and ceramic particles.

455

250-

S200-

10

50 - No bond
coal)

Nunter oftests: 2 4 4 2 3 4
System: 1*-1 LM-2 LM-3 1*-4 LM-5

Comiposition: Hoskins-875 llastellay-X FeCrAIY Sintered Sprayed,
fibers 21 5-percent- fiber-metal NICrAI porous

dense fiber NiCrAIY

Figure 12. - Cyclic thermal shock lives of plasma-sprayed ceramic zeal specimens with low-rmodulus pads.
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...... ..

41b-

V NiCrAlY bond coat

Wire screen overlay

Sintered, low-modulus

substrate

Figure 13. - Microsection through low-modulus-pad system LM-1. showing laminar cracks at and near interface
between ceramic and NiCrAIY bond1 coat. X65.

10

C -79-664
Figure 14 - LAI-3 specimen after 79 thermal shock cycles, showing

filiure in low-moduius material.



(a) NiCrAIY spray parameters.

(b) Polyester spray parameters.

j FiRure 15. - Microstructures of plasma-sprayed NiCrAIY-polyester powder mixtures
resulting from use of NiCrAIY and polyester plasma-spray parameters. NiCrAIY
spray parameters were used in preparation of thermal shock specimens.
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......... ,= LtIdIIIIC inerrace atter 455 (b) Elemental analysis of ceramic, showing presence of nickel,
thermal shock cycles. Note spongy, porous structure. iron, and chromium from bond coat and substrate. Aluminum

peak coincides with zirconium peak.

Figure 16. - NiCrAIY-YSZ interface in LM-] specimen after 455 thermal shock cycles.

Ni~rAlY 
4

Adherent l.
sintered
Hastelloy-X

Heavily oxidizedHastelloy-X

Low-
modulus
Hastelloy-X

.i 
1 5 0  

p
i l  

Ii 3 , .,'..-j 3,m

Figure 17. - Microsection through laminar crack in system LM- 2 showing evidence of heavy oxidative damage to sintered, low-density
Hastelloy.X pad.20°
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A

i D 0 0 0 D 0

0 000 C] ] 25.4

9. 53

50.8 254

Cooling-pin Pin spacing, Pin thickness,
array A, B,

mm mm
I 3.18 1.14
1 3.18 .635

III 6.36 1.14
Figure 18. - Schematic of cooling-pin arrays machined on 304-stainless-steel backings. (Dimensions

are in millimeters.)

300-

S200
aI

100-

0I

III-, IWires through

Cooling-pin arrays summarized in intermediate
fig. 18 layer

Figure 19. - Cyclic thermal shock lives of low-modulus-pad intermediate
layer specimens incorporating various cooling-pin arrangements.
ILM-3 low-modulus material used. I
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